Oxygenated organic molecules are abundant in atmospheric aerosols and are transformed by oxidation reactions near the aerosol surface by gas-phase oxidants such as hydroxyl (OH) radicals. To gain better insights into how the structure of an organic molecule, particularly in the presence of hydroxyl groups, controls the heterogeneous reaction mechanisms of oxygenated organic compounds, this study investigates the OH-radical initiated oxidation of aqueous tartaric acid (C4H6O6) droplets using an aerosol flow tube reactor. The molecular composition of the aerosols before and after reaction is characterized by a soft atmospheric pressure ionization source (Direct Analysis in Real Time, DART) coupled with a high resolution mass spectrometer. The aerosol mass spectra reveal that four major reaction products are formed: a single C4 functionalization product (C4H4O6) and three C3 fragmentation products (C3H4O4, C3H2O4, and C3H2O5). The C4 functionalization product does not appear to originate from peroxy radical self-reactions, but instead forms via an α-hydroxylperoxy radical produced by a hydrogen atom abstraction by OH at the tertiary carbon site. The proximity of a hydroxyl group to peroxy group enhances the unimolecular HO2 elimination from the α-hydroxylperoxy intermediate. This alcohol-to-ketone conversion yields 2-hydroxy-3-oxosuccinic acid (C4H4O6), the major reaction product. While in general, C-C bond scission reacts are expected to dominate the chemistry of organic compounds with high average carbon oxidation states (OSC), our results show that molecular structure can play a larger role the heterogeneous transformation of tartaric acid (OSC = 1.5). These results are also compared with two structurally related dicarboxylic acids (succinic acid and 2,3-dimethylsuccinic acid) to elucidate how the identity and location of functional groups (methyl and hydroxyl groups) alters heterogeneous reaction mechanisms. 
Introduction
Atmospheric aerosols are suspensions of small particles (solid or liquid) in air. These particles interact directly and indirectly with sunlight, affecting the Earth's radiation balance.
Directly, aerosols absorb and scatter sunlight and affect the global radiative balance. Indirectly, they modify the size and number distribution of cloud droplets, altering how cloud droplets reflect and absorb sunlight. 1 Moreover, atmospheric aerosols can have adverse effects on our respiratory and cardiovascular systems. 2 Atmospheric aerosols are chemically complex; composed of inorganic salts and a large variety of organic compounds. Organic compounds are a significant fraction (about 50%) of the mass of atmospheric aerosols 3 and can be oxidized at the aerosol surface by gas-phase hydroxyl radicals (OH), ozone (O3), and nitrate radicals. 4 These heterogeneous oxidative processes continuously alter the surface and bulk composition of the aerosol, and thus modify aerosol properties such as light extinction, hygroscopicity and cloud condensation nuclei activity. [5] [6] [7] [8] The structure of an organic molecule (e.g. branching of the carbon backbone and average carbon oxidation state (OSC)) plays a key role in controlling heterogeneous chemistry. 7, 9 Recently, we have investigated the heterogeneous OH oxidation of succinic acid and its more branched analog (2,3-dimethylsuccinic acid (2,3-DMSA)) to examine how branched methyl groups alter reaction mechanisms. 10, 11 Figure 1 shows reaction products with new oxygenated groups (i.e.
"functionalization") are formed in the OH oxidation with succinic acid. The formation of these products are explained by the self-reactions of two peroxy radicals to form stable products (e.g. ketones and alcohols) via the Russell 12 and/or Bennett-Summer reaction mechanisms. 13 When the hydrogen atoms on succinic acid are substituted with methyl groups, as in the OH reaction with 2,3-DMSA (Figure 1 ), the two methyl groups sterically hinder the appropriate arrangement of two peroxy radicals into a cyclic tetroxide intermediate, which is necessary for the formation of stable ketone and alcohol products. Instead, alkoxy radicals are formed from peroxy radical self-reactions, and subsequently abstract hydrogen atoms from neighboring molecules to form alcohol functionalization products. Moreover, the abundance of these functionalization products is larger than the C-C bond scission fragmentation products. An opposite result is observed for succinic acid. These results illustrate how the differences in molecular structure can alter reaction pathways. 3 Recent studies suggest that fragmentation becomes more favorable when the degree of oxygenation (e.g. OSC) of an organic molecule increases. 9, 14 However, a robust relationship between the degree of oxygenation and volatilization (a proxy for the fragmentation process) has not been established. For example, little aerosol carbon mass loss has been reported for more oxygenated citric acid (OSC = 1), while a significant production of volatile products has been observed for less oxygenated erythritol (OSC = -0.5) during OH oxidation. 15 Depending on the number, types and positions of the functional groups, organic compounds with the same or a similar degree of oxygenation (e.g. OSC) can chemically evolve via distinct mechanisms.
To better understand how the molecular structure governs the heterogeneous chemistry of oxygenated organic aerosols, we investigate the OH initiated oxidation of tartaric acid (C4H6O6) aerosols using an aerosol flow tube reactor. The composition of the aerosols before and after oxidation is characterized by a soft atmospheric pressure ionization source (Direct Analysis in Real Time, DART) coupled with a high resolution mass spectrometer in real time. Based on the identification of reaction products from exact mass measurements, we measure the oxidation kinetics and investigate reaction mechanisms, to examine how the presence of hydroxyl groups controls the competition between the functionalization and fragmentation pathways. Results from this work are compared with our previous studies (succinic acid and 2,3-DMSA) to examine more broadly how the identity of functional groups (methyl and hydroxyl groups) alter heterogeneous OH reaction mechanisms in these three structurally related dicarboxylic acids (Figure 1 ).
Method

Aerosol flow tube reactor
The heterogeneous OH oxidation of tartaric acid aerosols is investigated using an aerosol flow tube reactor. Experimental details have been described elsewhere. 10 In brief, aqueous droplets are first generated using a constant output atomizer (TSI Inc. Model 3076). The aerosol stream is then mixed with humidified nitrogen (N2), oxygen (O2), trace hexane, and O3, and introduced to the reactor. The relative humidity (RH) measured at the inlet of the reactor is about 85.8 ± 0.26%.
The temperature inside the reactor is maintained at 20 o C using a circulating water jacket surrounding the reactor. Since neither deliquescence nor crystallization is observed for tartaric acid 4 aerosols, 16 we assume that the tartaric acid aerosols exist as aqueous droplets before oxidation.
The size distribution of the droplets leaving the reactor is determined by a scanning mobility particle sizer (SMPS, TSI, 3936). Before oxidation, the mean surface weighted diameter for the droplets is measured to be 188.4 ± 0.5 nm. The initial aerosol mass loading is ~2800 μg m -3 . At RH = 85.8%, tartaric acid droplets are predicted to have a molarity of 3.27M and a mass fraction of solute (mf) of 0.49.
17
The average density of the droplets (ρ) is estimated to be 1.38 g cm -3 using an additivity rule with the known density and mass fraction of tartaric acid and water.
Tartaric acid aerosols are oxidized by gas-phase OH radicals, which are generated by the photolysis of O3 using ultraviolet lamps at 254 nm. The OH concentration is adjusted by varying the amount of O3 added to the reactor and is quantified by measuring the consumption of a gas phase tracer (i.e. hexane) using a gas chromatography equipped with a flame ionization detector. 18 With a total flow rate of 2 L/min (an aerosol residence time of 1.3 min), the OH exposure (OH concentration × aerosol residence time) ranges from 0 to 4.63 × 10 11 molecule cm -3 s (The method of measuring the OH exposure is described in Supporting Information). After exiting the reactor, the aerosol stream passes through an annular Carulite catalyst denuder to remove O3 and an activated charcoal denuder to remove any gas-phase products. A portion of the aerosol stream is sampled by a SMPS for aerosol size measurements. The remaining flow is introduced into an ionization region, which is a narrow open space between a DART ionization source and an atmospheric inlet of a high resolution mass spectrometer (ThermoFisher, Q Exactive Orbitrap), for real time chemical characterization of the aerosols.
Atmospheric Pressure Aerosol Mass Spectrometer
The DART ionization source (IonSense: DART SVP) 19, 20 is operated in negative ionization mode with metastable helium as the ionizing reagent. The heater inside the DART ionization source is operated at 500 o C. Prior to entering the ionization region, the aerosols are vaporized in a heater to generate gas-phase species, which are then ionized by the DART source.
Proton abstraction from the carboxyl group of tartaric acid and its reaction products produces the deprotonated molecular ions, [M−H] − observed in the aerosol mass spectra 21, 22 Detailed ionization mechanism is given in the Supporting Information. The resulting ions are sampled by the high resolution mass spectrometer. Mass spectra are collected at 1 s intervals over a scan range from 5 m/z 70 -700. Each mass spectrum is averaged for 5 min. at a mass resolution of about 140,000.
Mass calibration is performed with standard solutions before experiments. The mass spectra are analyzed using the Xcalibar software (Xcalibar Software, Inc., Herndon, VA, USA).
Results and Discussions
In the following sections, we first analyze the heterogeneous oxidative kinetics of tartaric acid (Section 3.1). Based on the aerosol mass spectra, reaction pathways are proposed (Section 3.2) to explain the formation of major reaction products and to explore the role of hydroxyl groups in the reaction mechanism. Finally, we discuss how different types of functional groups control the heterogeneous OH chemistry of three small structurally related dicarboxylic acids (succinic acid, 2,3-DMSA, and tartaric acid) (Section 3.3). Figure 2 shows that the reaction of OH with tartaric acid produces four major new peaks in the spectrum. The largest product peak corresponds to C4H4O6; a C4 functionalization product.
Oxidation Kinetics
The remaining peaks correspond to three distinct C3 fragmentation products (C3H4O4, C3H2O4, and C3H2O5). Figure 3A shows the reactive decay of tartaric acid (I/Io) at different OH exposures.
At the highest OH exposure (4.63 × 10 11 molecule cm -3 s), about 60% of parent tartaric acid is consumed. The decay of tartaric acid is fit to an exponential function to obtain a second order heterogeneous OH reaction rate constant (kOH). 18 kOH is determined to be (2.04±0. 16 is not unique for tartaric acid but rather has contributions from 6 reaction products that fragment during the electron impaction ionization. This may lead to an overestimate of the concentration of unreacted tartaric acid, leading to smaller kOH. However, a more likely explanation for this difference is the experimental conditions. Here the reaction is measured at a higher relative humidity (RH = 85.8%) than those of Kessler et al. 15 (RH = 30%).
As shown by Davies and Wilson, 23 Houle et al., 24 Slade and Knopf, 25 and Shiraiwa and coworkers, 26, 27 the OH reactive uptake exhibits a complex dependence on aerosol viscosity, which in turn is controlled by RH. At high RH, tartaric acid aerosols are likely aqueous droplets with molecular components that can diffuse more rapidly to the aerosol surface for reaction with OH, leading to higher overall reaction rates. 10, 25 At low RH, the aerosols become more concentrated and viscous. 28 In this case, diffusion of the species from the bulk to the surface is slower and, thus tartaric acid in the interior of the aerosol is less likely to undergo oxidation at the surface. For example, Davies and Wilson 23 investigated the relationship between RH and the reactive uptake of OH radicals onto citric acid (C6H8O7) droplets. They observed that the decreases by about a factor of 2 (~0.112 to ~0.052) when the RH decreases from 90% to 20%, and suggested that at low humidity the reactive OH decay of citric acid is controlled by aerosol viscosity, with reactions occurring near the aerosol/air interface. More work is needed to elucidate the effect of humidity on the heterogeneous oxidative kinetics of tartaric acid.
Reaction Mechanisms
Based on the aerosol mass spectra and previously reported aerosol-phase reaction pathways, 5, 29 reaction schemes are proposed to explain the formation of the major products observed in Figure 2 . Figure 3B shows the kinetic evolution of these reaction products at different OH exposures. The relative abundance of all products increases with OH exposure and reaches a maximum at the highest OH exposure. To the best of our knowledge, authentic standards or surrogates are not available for these reaction products. As a first approximation, the ionization efficiencies of tartaric acid and all products are assumed to be equal. We acknowledge that certain products (e.g., organic peroxides and oligomers) may not be detected efficiently by the DART. ). They proposed that for polyols, the hydroxyl group adjacent to the peroxy group can stabilize the resultant carbonyl group by forming strong intramolecular hydrogen bond, thus enhancing the unimolecular HO2 elimination rate. As shown in Scheme 2B, the unimolecular HO2 elimination from the α-hydroxylperoxy radical formed on tartaric acid may be similarly enhanced due to hydrogen bonding to the hydroxyl group located at the β-position of the peroxy group.
In addition to unimolecular HO2 elimination, the α-hydroxylperoxy radical can in principle react with another peroxy radical. However, reaction products (see Scheme 1) formed from these self-reactions are not detected. For example, the self-reactions of two peroxy radicals can yield two alkoxy radicals, which can decompose to form tartronic acid (C3H4O5) and oxalic acid (C2H2O4). Similar to tartaric acid, these two dicarboxylic acids should be easily ionized by DART if produced in significant quantities. For example, we previously detected the formation of oxalic acid in the OH oxidation of succinic acid. 10 Furthermore, the effective vapor pressure (c*) of tartronic acid and oxalic acid is estimated to be about 12 and 797 μg m -3 , respectively, using the saturation vapor pressures reported in the literature. 33, 34 As a first approximation, assuming an equilibrium gas/aerosol partitioning, a significant mass fraction of tartronic acid (99.6%) and oxalic acid (78.2%) would remain in the aerosol-phase under our experimental conditions. The 8 absence of these two products in the aerosol mass spectra further supports that rapid unimolecular HO2 elimination is the dominant reactor pathway for the α-hydroxylperoxy radical. 35 When hydrogen abstraction occurs on the hydroxyl group (Scheme 1A: Path IB), the resultant alkoxy radical can decompose to form 2-hydroxy-3-oxopropanoic acid (C3H4O4), which is one of the major fragmentation products seen in Figure 2 and contributes to about 6.6% of the total ion signal at OH exposure = 4.63 x 10 11 molecule cm -3 s ( Figure 3B ). Although the bond energy of O-H is typically larger than that of C-H, 36 the detection of 2-hydroxy-3-oxopropanoic acid suggests that the hydrogen abstraction on the hydroxyl group likely occurs. In competition with decomposition, the alkoxy radical can react with O2 to form the functionalization product, 2-hydroxy-3-oxosuccinic acid (C4H4O6), or abstract a hydrogen atom from a neighbouring molecule. ). The hydrogen abstraction rate of an alkoxy radical is estimated to be 10 The unimolecular decomposition rate of an alkoxy radical, kdes, can be estimated using a structural activity relationships (SAR) proposed for the decomposition of gas-phase alkoxy radicals.
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The SAR model predicts a large kdes (10 It is also potentially possible that hydrogen abstraction might occur on the OH group of the carboxylic acid. This process could lead to the decarboxylation of the acid and after subsequent 9 addition of O2 to the resulting radical form a primary α-hydroxylperoxy intermediate, which can in turn eliminate HO2 to produce 2-hydroxy-3-oxopropanoic acid (C3H4O4). However, abstracting a hydrogen atom from the carboxyl group is expected to be less favorable than from the hydroxyl group. 41 
OH Oxidation of 2-hydroxy-3-oxosuccinic acid: Second-generation products
When the reaction proceeds further, 2-hydroxy-3-oxosuccinic acid (C4H4O6), the most abundant first generation product, can be oxidized to form two minor fragmentation products (C3H2O4 and C3H2O5). As shown in Scheme 1B, for the OH reaction with 2-hydroxy-3- is the reaction of the α-hydroxylperoxy radical with another peroxy radical to form two tertiary alkoxy radicals, which in turn decompose to form mesoxalic acid (C3H2O5).
This difference between first and second generation products originating from the same type of α-hydroxylperoxy intermediate can be explained by differences in molecular structure. The carbonyl, on the second generation α-hydroxylperoxy radical (Scheme 1B: Path IIA), adjacent to the peroxy group, cannot form an intramolecular hydrogen bond with resulting carbonyl group in the reaction product (shown in Scheme 2C). Thus, it is likely that the peroxy radical formed on 2-hydroxy-3-oxosuccinic acid exhibits much slower unimolecular HO2 elimination rates than that of tartaric acid. For OH reactions with alcohols with single or multiple hydroxyl groups, Bothe et al. [30] [31] [32] reported that the unimolecular HO2 elimination rates are slowed by one to three orders of magnitude in an absence of a hydroxyl group adjacent to the peroxy group. These results illustrate how molecular structure (i.e. the potential for intramolecular hydrogen bond formation) plays a 10 key role in governing the competition between unimolecular (HO2 elimination) and bimolecular (RO2 + RO2) reaction steps in aqueous tartaric acid aerosol reactions.
When the hydrogen atom on the hydroxyl group is removed by the OH radical (Scheme 1B: Path IIB), an activated tertiary alkoxy radical forms. The decomposition product of this alkoxy radical is 2,3-dioxopropanoic acid (C3H2O4). This is expected, since the decomposition rate of the activated alkoxy radicals is estimated to be very fast (~10   11   s   -1 ). 39, 40 Like tartaric acid, the intermolecular hydrogen abstraction (~10 The kinetic measurements show that γOH (1.16±0.19) is slightly larger than one, suggesting the possibility of secondary chemistry. One possibility for radical chain propagation is the intermolecular hydrogen abstraction by an alkoxy radical (RO+RH). However, the time constant analysis presented above suggests that this reaction rate does not compete with decomposition since in each case activated alkoxy radicals are formed. This is in contrast to the formation of alkoxy radical in chemical reduced systems (e.g. alkanes) which preferentially react via intermolecular hydrogen abstraction (i.e. RO + RH). 42 Another possibility for radical chain propagation chemistry that is consistent with the mechanism outlined above is the formation and subsequent reaction of
• ions. These species are formed from the dissociation of HO2 radicals and may abstract hydrogen atoms from tartaric acid and its reaction products. 43 However, it is noted that the in situ acidity of tartaric acid droplets is not known. At 85% RH, the concentration of tartaric acid is about 3.27M. From the acidity constants (pKa1 = 2.89 and pKa2 = 4.40), the pH of the droplets is calculated to be 1.03. While HO2 radicals (pKa = 4.8) can dissociate into H + and O2
•-in a dilute aqueous solution under highly acidic environment, it is unclear that HO2 will fully dissociate in the concentrated tartaric acid droplets. Since hydrogen abstraction rates are not well constrained for tartaric acid and its observed products, more work is needed to investigate the role of • reactions in the OH oxidation of aqueous tartaric acid droplets. This reaction pathway is not considered in reaction schemes.
OH reaction site: Tertiary backbone carbon site vs. hydroxyl group
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As discussed in the preceding sections (3.2.1 and 3.2.2), hydrogen atoms on the tertiary backbone carbon site and the hydroxyl group can be abstracted by OH radicals. As shown in Table   1 and Scheme 1, depending on the OH reaction site, reaction products with distinct chemical formula are formed and can be assembled into two separate groups (tertiary carbon site vs.
hydroxyl group). The ratio of the abundance of reaction products in these two groups corresponds to the ratio of OH attacks at the tertiary carbon site and the hydroxyl group. When the hydrogen abstraction occurs at the tertiary carbon site of tartaric acid, 2-hydroxy-3-oxosuccinic acid (C4H4O6) is formed as the major functionalization product (Scheme 1A: Path IA). Since 2-hydroxy-3-oxosuccinic acid (C4H4O6) can be further oxidized to yield two fragmentation products (2,3-dioxopropanoic acid (C3H2O4) and mesoxalic acid (C3H2O5)) (Scheme 1B), these two secondgeneration products originate from the OH reaction at the tertiary carbon site of tartaric acid. 2-hydroxy-3-oxopropanoic acid (C3H4O4) is the only product that can be attributed to hydrogen abstraction at the hydroxyl group (Scheme 1A: Path IB) in tartaric acid. As shown in Figure 3B , the total abundance of reaction products originating from the tertiary carbon site is larger than that originated from the hydroxyl group. For example, at the maximum OH exposure, the tertiary carbon site vs. hydroxyl group products ratio is about 3.3. The results of this simple analysis suggest that the tertiary carbon site is the preferential OH reaction site and are consistent with differences in relative strengths of C-H bond (tertiary carbon site) and O-H bond (hydroxyl group) 36 .
Volatilization of oxidized tartaric acid aerosols
Using the detailed molecular information obtained for the reaction products, further insight into how oxidation alters the properties of the aerosol (e.g. volatility) can be investigated. Kessler et al. 15 measured the volatilization of tartaric acid aerosols during the heterogeneous OH oxidation.
At the OH exposure of ~10 11 molecule cm -3 s, which is close to the maximum OH exposure investigated in our study, a small quantity of aerosol carbon mass loss (< 2%) was observed. About 10% of total aerosol carbon mass is lost at the highest OH exposure in their measurements (~10 in their measurements.
Equilibrium gas/aerosol partitioning calculations predict here that about 36-42% of 2-hydroxy-3-oxopropanoic acid (C3H4O4) and 81-85% of mesoxalic acid (C3H2O5) remain in the aerosol-phase, while 2,3-dioxopropanoic acid (C3H2O4) is a volatile product (only < 5% remains in aerosol-phase).
It is noted that the reaction products might expect to be less volatile than predicted. For example, the saturation vapor pressure of tartaric acid is reported to be (1.8-4.9)×10 -8 Pa, 45 while the modeled value is 2×10 -7 Pa. 44 Moreover, as shown in Figure 3C , if we assume the ionization efficiencies of all observed products are the same and the major reaction products can be ionized by the DART ionization source, the abundance of functionalization product is found to be slightly larger than that of fragmentation products. Our results further suggest that a small aerosol carbon mass loss reported in the literature could also attribute to the formation of nonvolatile functionalization product (c* of 2-hydroxy-3-oxosuccinic acid is predicted to be 0.315 µg m -3
).
Effect of Different Functional Groups on the Heterogeneous Reaction Mechanisms
The structure of an organic molecule plays a key role in controlling the heterogeneous chemistry. The evolution in molecular composition of the reaction products formed in the heterogeneous OH reaction with succinic acid, 10 2,3-DMSA, 11 and tartaric acid is used to examine how different functional groups determines the heterogeneous reaction mechanisms for these three structurally related dicarboxylic acids (Figure 1 ). 46 The change in average aerosol elemental composition upon oxidation can be expressed in term of hydrogen-to-carbon ratio (H/C), oxygen-to-carbon ratio (O/C), carbon oxidation state (OSC = 2×(O/C) -(H/C)) 47 and average carbon number (NC). These quantities are computed from the relative abundance and suggested chemical formula of the observed products:
where Q can be H/C, O/C, OSC or NC. Qavg is the average quantity. Qi and Ii are the quantity and relative abundance of the reaction product i, respectively. As shown in Figure 4A , when the OH exposure increases, the OSC increases and the NC decreases for all three acids. However, Aerosol speciation data further reveal that the acids have different molecular distribution of reaction products. For succinic acid ( Figures 5C and 5D ), the bulk aerosol elemental composition evolves largely through the formation of smaller fragmentation products with higher oxidation states. In contrast to succinic acid, for both tartaric acid ( Figures 5A and 5B ) and 2,3-DMSA ( Figures 5E and 5F ), only a few major products are formed. Both functionalization products and fragmentation products contribute significantly to the observed products. All these results suggest that the acids chemically evolve via distinct mechanisms.
For the OH reaction with succinic acid (Figure 1B) , we found that the ketone-to-alcohol (i.e. functionalization products) ratio is about 1 and can be explained by self-reactions of two peroxy radicals via the Bennett-Summers reaction 13 or Russell mechanism.
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These two mechanisms have also been suggested to be major formation pathways of functionalization products in the OH oxidation of C2 -C9 unsubstituted dicarboxylic acids. 35, 46, 48 On the other hand, when the methyl or hydroxyl groups are substituted to the backbone of succinic acid, the functionalization products are formed via different pathways and the relative importance of functionalization vs. fragmentation processes increases. With the presence of two methyl groups in 2,3-DMSA ( Figure 1C) , the ketone-to-alcohol functionalization products ratio drops to near 0 (i.e. no ketone functionalization product is formed). It is hypothesized that the two bulky methyl groups may sterically hinder the appropriate arrangement of two peroxy radicals into the correct intermediate, necessary for the formation of functionalization products proposed in the Russell mechanism. Alternatively, alkoxy radicals are produced from these self-reactions and can in turn abstract hydrogen atoms from neighboring molecules to form the alcohol functionalization products. It is also postulated that the methyl groups might enhance the stability of the tertiary alkoxy radicals. This may favor the intermolecular hydrogen abstraction and in part explain the 14 significant formation of functionalization products ( Figures 5E and 5F ).
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However, more work is needed to test this hypothesis.
For tartaric acid ( Figure 1A ), the formation of functionalization products does not appear to proceed through bimolecular reactions of two peroxy radicals. In presence of a hydroxyl group near the peroxy group, the α-hydroxylperoxy radical tends to undergo the unimolecular HO2 elimination process (Scheme 2B). This functionalization process converts an alcohol group to a ketone group (the ketone-to-alcohol functionalization products ratio tends to infinity), leading to a high abundance of functionalization products ( Figures 5A and 5B ). Since the functionalization product contribute significantly to the observed products, the steep, positive slope observed in the van Krevelen plot arise from the conversion of alcohols to ketones originating from unimolecular HO2 elimination during oxidation. 35 Overall, for these three structurally related acids, the fragmentation products appear to be primarily formed through the decomposition of alkoxy radicals while the functionalization products are formed via distinct pathways. At the same OH exposure, the relative contribution of fragmentation products to the total products is less significant for 2,3-DMSA and tartaric acid when compared to succinic acid. This observation does not agree with recent hypothesis that the fragmentation process is more important for more branched and oxygenated species relative to their less branched and oxygenated analogs. 49 These results show that the types and location of the functional groups (e.g. methyl and hydroxyl groups) can significantly alter reaction pathways for these two structurally related dicarboxylic acids.
Conclusions
In this work, we investigate the chemical evolution in the composition of aqueous tartaric acid droplets during the heterogeneous OH oxidation. The aerosol speciation data have revealed that the functionalization products are the most abundant among the observed products. This can be explained by that when the tertiary backbone carbon site of tartaric acid is abstracted by the OH radical, the presence of a hydroxyl group on the neighboring position of the peroxy group favors the unimolecular HO2 elimination of the α-hydroxylperoxy radical over the self-reactions of two peroxy radicals. This functionalization process converts an alcohol group into a ketone group, 15 yielding 2-hydroxy-3-oxosuccinic acid. On the other hand, when the hydrogen atom from the backbone carbon site of 2-hydroxy-3-oxosuccinic acid is abstracted by the OH radical, in the absence of a hydroxyl group adjacent to the peroxy group, the bimolecular reaction of two peroxy radicals becomes competitive with the unimolecular HO2 elimination process. The alkoxy radical resulted from peroxy radical self-reactions tend to decompose, leading to a fragmentation of the carbon backbone. Although higher bond dissociation energy is expected for the O-H bond than the C-H bond, a significant fraction of fragmentation products are likely produced through the decomposition of alkoxy radicals resulted from the hydrogen abstraction on the hydroxyl group.
Both functionalization and fragmentation products contribute significantly to the observed products in the OH oxidation of tartaric acid. This is not consistent with recent hypothesis that the fragmentation process is expected to be favorable for oxygenated organic compounds. The results of this work may suggest that for oxygenated organic compounds, especially those with multiple hydroxyl groups, the position of the hydroxyl groups may play a role in determining the competitions between functionalization and fragmentation processes during oxidation. In addition to the bulk elemental composition such as O/C and OSC, results from this work and our previous studies suggest that the number, types and location of the functional groups (e.g. hydroxyl, ketone, and carboxyl groups) is needed to better understand the heterogeneous chemistry.
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